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This report covers the fourth and f ina l  year of a HOST project w i t h  the 
i n i t i a l  objective " to  develop a unified const i tut ive model f o r  f i n i t e  element 
s t ructural  analysis of turbine engine hot section components. I' Dur ing  the 
f i r s t  three years of this  project,  two exis t ing models of the unified type 
were fur ther  developed f o r  application to  isotropic ,  c a s t ,  nickel-base al loys 
used f o r  air-cooled turbine blades and  vanes. The two models a re  those of 
Walker ( r e f .  1 )  and of Bodner and Partom ( r e f .  2 ) .  Both models were demon- 
s t ra ted to  yield good correlation w i t h  experimental r e su l t s  f o r  two alloys:  
PWA a1 loy B1900+Hf and MAR-M247. The experimental correlat ions were made 
w i t h  t e s t ing  under uniaxial a n d  biaxial t e n s i l e ,  creep, relaxation, cyc l ic ,  
and TMF loading conditions over a range in s t r a i n  r a t e s  and temperatures to  
1100°C. Also, both models were entered in to  the MARC f i n i t e  element computer 
code w i t h  t e s t  cases r u n  f o r  a notched round t e n s i l e  specimen a n d  an a i r f o i l  
portion of a typical cooled turbine blade. The a i r f o i l  was exercised through 
three f u l l  f l i g h t  spectra of t a x i ,  take o f f ,  climb, cruise ,  descent, t a x i ,  
and shutdown. Computational efficiency w i t h  the unified models was as good 
o r  be t t e r  t h a n  w i t h  a more classical  e l a s t i c - p l a s t i c  approach. Significant 
difference i n  s t r e s s  range and accumulated strain a f t e r  three f l i g h t  cycles 
was shown f o r  the unified models when compared w i t h  the c lassical  
creep-plast ic i ty  models. Previous work has been reported i n  references 3-5. 
The f ina l  y e a r ' s  w o r k  t o  be reported on herein has been primarily involved 
w i t h  the study of nonisothermal problems and the potential f o r  thermal history 
e f f ec t s  t o  occur e x p l i c i t l y  i n  the consti tutive,  equations. The following 
discussion will present the r e su l t s  from th is  work. 
THERMO-MECHANICAL CONSTITUTIVE TESTS 
Experimental Setup 
The thermo-mechanical t e s t  specimens were of tubular geometry, heated 
external ly  by induction heating, and cooled by forced a i r  over both the external 
and internal surfaces. Mechanical loading i n  tension or  compression was pro- 
v ided  by an  MTS closed-loop hydraulic machine. Total s t r a in  was measured 
w i t h  a ceramic reach-rod extensometer w i t h  25.4 mm gage length. A dynamic 
temperature monitoring (thermocouple) and control system was developed t o  
compensate i n  real time f o r  thermal s t r a i n s  based on measured nonlinear thermal 
expansion coeff ic ients .  I n  the thermo-mechanical t e s t ,  the thermal s t r a in  
signal i s  summed w i t h  the prescribed mechanical s t r a i n  signal f o r  t o t a l  strain 
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feedback c o n t r o l .  Test  r e s u l t s  a r e  presented i n  terms o f  mechanical s t r a i n  
on ly .  C o n t r o l l e d  temperature response curves a r e  shown i n  f i g u r e  1 i n d i c a t i n g  
t y p i c a l  h e a t i n g  and c o o l i n g  r a t e s .  Most exper iments were performed i n  t h e  
range f rom 538°C t o  982°C. 
Nonisothermal Tensile Tests 
Experiments and a n a l y s i s  were performed w i t h  B1900tHf i n  monotonic t e n s i l e  
l o a d i n g  w i t h  a ramp change i n  temperature ( T  = 4.4"C/sec) a t  approx imate ly  
1% s t r a i n .  A u n i f o r m  s t r a i n  r a t e  o f  10'4/sec was mainta ined th roughout  t h e  
load ing .  F igures  2 and 3 show t h e  exper imenta l  and computed (Bodner-Partom 
model) r e s u l t s .  The exper iments i n d i c a t e  n e g l i g i b l e  thermal h i s t o r y  e f f e c t  
i n  t h a t  f o r  e i t h e r  i n c r e a s i n g  o r  decreas ing temperature change t h e  iso thermal  
hardening curve i s  achieved r a p i d l y  a f t e r  t h e  temperature change i s  completed. 
The 9-P model c a l c u l a t i o n  i s  s i m i l a r ,  however a p r e l i m i n a r y  y i e l d  t y p e  behav io r  
i s  observed w i t h  an asympto t ic  approach t o  t h e  iso thermal  hardening curve. 
However, t h i s  p r e d i c t e d  behav io r  i s  n o t  t h e  r e s u l t  o f  thermal h i s t o r y  b u t  
o f  t h e  p l a s t i c  work h i s t o r y ,  s i n c e  cumula t ive  p l a s t i c  work i s  used as t h e  
measure o f  t h e  hardening s t a t e  v a r i a b l e s  i n  t h i s  model. 
Nonisothermal Creep 
Creep t e s t i n g  was performed w i t h  s t e p  changes i n  b o t h  s t r e s s  and tempera- 
t u r e  d u r i n g  a g iven t e s t .  An example s t r a i n - t i m e  curve  i s  shown i n  F i g u r e  4. 
A f t e r  each change, c o n d i t i o n s  were h e l d  u n t i l  a s teady s t a t e  creep r a t e  was 
achieved. The s teady-s ta te  creep r a t e s  a r e  p l o t t e d  i n  f i g u r e  5 f o r  b o t h  i s o -  
thermal and nonisothermal  h i s t o r i e s  a long w i t h  t h e  8-P model p r e d i c t i o n .  The 
iso thermal  and nonisothermal t e s t s  a r e  seen t o  f a l l  w i t h i n  t h e  same s c a t t e r  
and b o t h  agree r a t h e r  w e l l  w i t h  t h e  model. I n  t h e  model, thermal recovery  
o f  hardening i s  i n s i g n i f i c a n t  a t  760°C b u t  becomes a major  f a c t o r  a t  982°C. 
The nonisothermal  t e s t i n g  was designed t o  i n c l u d e  t h i s  t r a n s i t i o n  i n  hardening 
mechanism. 
Them-mechanical Strain Cycling 
I n  f i g u r e  6, we show a s i n g l e  specimen c y c l e d  t o  s a t u r a t i o n  i n i t i a l l y  
a t  538"C, a temperature inc rease t o  982°C w i t h  s a t u r a t e d  loops  achieved a t  
t h a t  temperature,  and a r e t u r n  t o  538"C, a l l  under cons tan t  s t r a i n  range 
c o n t r o l .  Two observa t ions  aga in  evidence absence o f  thermal h i s t o r y  e f f e c t .  
The h igh- temperature excurs ion  r e s u l t e d  i n  no change i n  t h e  h y s t e r e s i s  l o o p  
a t  538"C, and t h e  c y c l i c  s t r e s s  range assoc ia ted  w i t h  a g i v e n  c y c l i c  s t r a i n  
was t h e  same under t h i s  t y p e  o f  nonisothermal h i s t o r y  as  under s t r i c t l y  
i so thermal  c y c l i n g ,  as shown i n  F igure  7. Both types o f  c y c l i n g  agree w i t h  
t h e  B-P model p r e d i c t i o n  which i s  based on iso thermal  da ta  o n l y .  
A d d i t i o n a l  in-phase and out-of-phase TMF c y c l  i n g  exper iments were a1 so 
performed w i t h  t h e  c y c l i c  l o o p  shape compared w i t h  B-P model p r e d i c t i o n s .  The 
r e s u l t s  were s i m i l a r  t o  those p r e v i o u s l y  r e p o r t e d  i n  re fe rence 5, i n d i c a t i n g  
t h a t  reasonably  good p r e d i c t i o n s  o f  complex nonisothermal  h i s t o r i e s  can be 
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made for this c lass  of a l loy  based upon material constants derived from isother- 
mal tes t ing  only. For other a l loys,  where strong s t ra in  aging e f f ec t s  are 
present , more complex thermo-mechanical h i  s tory dependence may be required 
in the const i tut ive model as reported by Robinson and Bartolotta in reference 
6. 
Dislocation Structures 
The dislocation s t ructures  observed in the nonisothermal specimens were 
compared t o  those observed i n  isothermal specimens previously reported by 
Moreno e t  a1 i n  reference 7 .  The comparison revealed t h a t  i n  both cases the 
dislocation arrangements in B1900tHf consisted of ce l lu l a r  networks around 
the Y' precipi ta tes .  Such dislocation cel l  s t ructures  appear t o  form a t  low 
s t r a in  levels  ( a  few percent) and appear t o  be the s table  configuration fo r  
specimens tested under d i f fe ren t  l o a d i n g  paths. The theoretical  implication 
i s  tha t  the saturation s t r e s s  concept postulated i n  many unified const i tut ive 
models can be considered t o  be the flow s t r e s s  associated w i t h  the saturated 
dislocation configuration, i . e . ,  the s t r e s s  required to  move dislocations 
t o  and from the walls of the dislocation ce l lu l a r  network. Since the saturated 
dislocation s t ructure  i s  independent of the thermo-mechanical loading p a t h ,  
the saturation s t r e s s  and  the l imiting values of the internal hardening var i -  
ables s h o u l d  therefore be independent of the thermo-mechanical l o a d i n g  p a t h .  
The values of the saturation s t r e s s  should, however, depend on temperature 
and s t r a in  ra te  t h r o u g h  the dependence of the c r i t i c a l  resolved shear s t r e s s  
on these quant i t ies .  
CONCLUSIONS 
The l a s t  year ' s  e f f o r t s  have demonstrated t h a t  fo r  the cas t  nickel-base 
alloys studied, B1900+Hf and MAR-M247, both isothermal and nonisothermal , 
complex loading h is tor ies  can be well predicted using the unified const i tut ive 
model approach w i t h  a l l  necessary material constants derived so le ly  from iso- 
thermal t e s t  d a t a .  Additional work i s  needed to  determine i f  t h i s  conclusion 
can be extended t o  other a l loy systems which may exhibit  more complex hardening 
or recovery mechanisms. 
We believe the complete four-year program has demonstrated rather  conclu- 
sively t h a t  the unified const i tut ive model concept i s  a very powerful tool 
for  predicting material response i n  hot section components under complex, 
time-varying, thermo-mechanical loadings. This confidence i s  gained from 
extensive correlat ions between two existing models and a large base of experi- 
mental d a t a  covering the range i n  s t r e s s ,  s t r a in  ra te ,  and temperature of 
in te res t .  The unified const i tut ive models have also been demonstrated t o  
be computationally e f f i c i en t  when incorporated into a large f i n i t e  element 
computer code ( M A R C ) .  While there i s  s t i l l  much room fo r  improvement o r  exten- 
sion of the exis t ing const i tut ive models and for efficiency in t h e i r  computa- 
tional implementation, i t  i s  expected the i r  use will grow rapidly i n  engineering 
appl icat ions.  
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